Stromal vascular cells were isolated from adipose tissue obtained from three different anatomical locations: epididymal (EPI), retroperitoneal (RP), and dorsal subcutaneous (SC), and allowed to differentiate in primary tissue culture. Cell number, protein concentration, glycerophosphate dehydrogenase, and lipoprotein lipase activity were similar in cells obtained from the EPI, RP, and SC regions, as were total insulin binding and the affinity of insulin for its receptor. However, both maximal insulin receptor tyrosine kinase activity and insulin-stimulated phosphorylation of the insulin receptor were significantly lower (P < 0.05) in cells cultured from the SC region. In addition, newly differentiated adipocytes from the SC region were less sensitive to the ability of insulin to stimulate glucose uptake, and maximal insulin-stimulated glucose uptake by these cells was also significantly lower (P < 0.05) when compared to cells obtained from the two other regions. Since these studies were performed on adipocyte precursor cells, allowed to differentiate to a similar degree in primary culture, the observed differences in insulin receptor phosphorylating activity, as well as the ability of insulin to stimulate glucose uptake appear to be intrinsic to adipose tissue from the three sites. (J. Clin. Invest. 1991.
Introduction
It has been apparent for some time that the ability ofinsulin to stimulate glucose uptake tends to be decreased in obese individuals (1, 2) . More recently, it has been suggested that accumulation ofadipose tissue in the abdominal region, as evidenced by an increase in waist to hip girth, has uniquely deleterious effects on insulin action (3, 4) . The interpretation ofthese latter results has been that the metabolic behavior of fat tissue varies as a function of its anatomical location. Experimental support for this general hypothesis has come from experiments demonstrating that adipocytes isolated from different anatomical regions can vary significantly in terms of cell number, responsiveness to glucocorticoids and sex hormones, and rate of catecholamine-induced lipolysis (5) (6) (7) (8) . However, there is relatively little evidence showing that insulin regulation ofadipocyte metab-olism changes with source offat tissue, and what data are available deal primarily with the ability of insulin to inhibit catecholamine-induced lipolysis (9, 10) . Indeed, we are only aware of one study which has addressed the question of the effect of regional fat distribution on insulin-stimulated glucose uptake (1 1) , showing that this effect ofinsulin was increased in adipocytes obtained from epididymal as compared to dorsalsubcutaneous tissue. Although these data support the view that the ability of insulin to stimulate glucose uptake by adipose tissue changes with the anatomical source of the fat cells, its significance is confounded by the fact that freshly isolated adipocytes obtained from different regions also vary in mean cell size and cell number, as well as in terms oftheir microenvironment. Thus, results ofsuch studies do not provide unequivocal answers as to whether or not intrinsic differences in fat cell response to insulin exist. One obvious way to address this question is to isolate adipocyte precursors from different anatomical sites, allow them to differentiate into mature fat cells in culture under uniform conditions, and then study the ability of insulin to modulate insulin action in a situation in which differences in fat cell size and number and microenvironment no longer exist. If this can be accomplished it becomes possible to see if there are intrinsic differences in insulin action on adipocyte glucose metabolism as a function of anatomical site. The study to be presented was initiated to accomplish this task.
Methods

Animals
Male, weanling, Sprague-Dawley rats were used for individual experiments. They were decapitated, and adipose tissue immediately removed from three regions: epididymal (EPI),' retroperitoneal (RP), and dorsal subcutaneous (SC). Adipose tissue from 25-30 rats was used for each culture.
Chemicals
Reagents were obtained from the following sources: collagenase (Worthington Biochemical Corp., Freehold, NJ); Triton X-100, N-acetyl-D-glucosamine, polyethylene glycol, aprotinin, BSA (fraction V), polyamino acid polymer GluW)NaTyre [poly (GLU':Tyr)], Na benzoyl-L-arginine ethyl ester (BAEE), disuccinimidyl suberate, and paramethylsulfonylfluoride (PMSF) (Pierce Chemical Co., Rockford, IL); wheat germ agglutinin (Vector Laboratories, Inc., Norwalk, CT) A14-125I monoiodoinsulin and I.N. Crystalline porcine insulin (gift ofDr. B. H. Frank, Eli Lilly); B26-'251 human monoiodoinsulin (Amersham Corp., Arlington Heights, IL); ('_-32P) adenosine-5'-triphosphate (10-40 Ci/mmol) (E. I. du Pont de Nemours, Boston, MA); 2-desoxyglucose '4C (New England Nuclear, Boston, MA). All other chemicals were prepared from standard commercial sources.
Cell harvesting techniques and culture conditions Stromal vascular (SV) cells were obtained and pooled separately from EPI, RP, and SC by means ofcollagenase digestion as described previously (12) , and cultures seeded at a density of 2.5 10' cells in 35-mm (diameter) plastic culture wells (6-well multiwell plates). Cells were first grown in DMEM containing 4.5 g/liter glucose and 25 mM Hepes, supplemented with 10% defined FCS, penicillin (10,000 U/ml), streptomycin (10,000 ILg/ml), and insulin (0.01 nmol/liter). 12 h after plating, cultures were washed with serum-free medium and replenished with fresh culture medium as defined above. The same medium was replenished at 2-d intervals until the cells were about to reach confluence (4-5 d postplating), at which point cultures were replenished with DMEM supplemented with 1% FCS, insulin (1 nmol/liter), and Intralipid (1 Ml/ml; KB Kabivitrum, Clayton, NC). This latter medium was also renewed at 2-d intervals. Cultures were terminated 8-10 d later, and assayed for cellular growth, degree of differentiation, estimates of insulin action, and study of insulin receptors.
For each culture and each tissue, 14 plates containing 6 wells were seeded. The following culture assays were performed.
Culture assays
Total cell number. Cells were removed from one culture well by means oftrypsinization (5 min at 370C) with trypsin-EDTA (Gibco Laboratories, Grand Island, NY) and quickly sampled for counting in a hemocytometer.
Cellular protein content. Protein content was determined in one culture well by assay (Bio-Rad Laboratories, Richmond, CA) (13 Insulin bindingofthe solubilized insulin receptor. Determination of insulin binding was performed as described before (19) . In brief, an aliquot ofpartially purified receptors was incubated with A 14-'25I insulin and increasing concentration of unlabeled porcine insulin (0.05 nmol/liter-0. 15 nmol/liter). Nonspecific binding was determined by addition of 0.7 Mmol/liter unlabeled insulin, and this amount subtracted from the radioactivity bound at the other insulin concentrations. Data were analyzed using the method of Scatchard (20) Insulin receptor autophosphorylation. Partially purified insulin receptors were incubated with increasing concentrations ofinsulin (0.03-300 nmol/liter) for 60 min at room temperature. Autophosphorylation was initiated by the addition of y32ATP (50 Mmol/liter) (30 Ci/mmol) and MnCl2 (5 mmol/liter). All samples were analyzed by SDS page and autoradiography (22) .
Affinity labeling of insulin receptors. Partially purified receptors were incubated with 0.5 MCi of B26-'25I insulin in the presence or absence of unlabeled insulin (0.7 Mmol/liter) for 24 h at 4°C. Disuccinimidyl suberate (2 mmol/liter) was then added for 15 min at 4°C and samples analyzed by SDS page followed by radioautography (22) .
Cellular triglyceride content. Cellular triglyceride content was determined in two wells by means ofa kit (Sigma Chemical Co., St. Louis, MO) (23, 24) , and expressed per milligram protein.
Glucose transport. Cells from two plates were washed thoroughly with phosphate buffer and then preincubated in serum-free and insulin-free medium for 2 h. Wells were incubated for 10 min in the presence of increasing concentrations of insulin (0-2 nmol/liter), and the incubation continued for another 5 min after addition of 2-desoxyglucose '4C. The incubation was terminated by three successive washings with phosphate buffer and the amount of cellular radioactivity determined by liquid scintillation counting.
Statistical analysis
All data were expressed as mean±SEM, and analyzed by one-way and two-way analysis of variance (25, 26) , and Student's paired t test.
Results
Precursor cells derived from the SV fractions of all three regions were plated at 5 X 105 cells/well and reached near confluence 4-5 d after plating, at which time they had a fibroblasttype morphology. At this point the FCS was reduced from 10% to 1%, insulin decreased from 0.01 to 1 nmol/liter, and intralipid added. After another 10 d in culture, -80% of the cells were engorged with lipid regardless of anatomical site.
A. Cell growth and differentiation Results in Fig. 1 Table II , and it can be seen that both total insulin binding and Fig. 5 , and it is apparent that insulin produced a dose-dependent increase in tyrosine kinase activity in all three types of preparations of receptors. The numerical values for basal (in the absence of insulin) and insulinstimulated maximal tyrosine kinase activity are shown in Table III. Although basal activity was similar in the three receptor preparations, maximal insulin-stimulated tyrosine kinase activity, (expressed either as milligrams protein or normalized to insulin binding) was lower by -50% in receptor preparations derived from the SC region as compared to EPI and RP derived cells (P < 0.05). However, no significant differences were observed in the sensitivity (K.) of insulin-stimulated tyrosine kinase activity in the three cell populations.
Insulin-stimulated autophosphorylation ofthe ,8-subunit of the insulin receptor. Autophosphorylation of p3-subunit of the insulin receptor was only studied in cells derived from the EPI and SC regions. Partially purified receptor preparations of these cells were incubated with 32ATP, in the presence of (0-300 mmol/liter) insulin and subjected to SDS PAGE radioautography. As shown in Fig. 6 , phosphorylation ofthese receptor preparations resulted in the labeling ofone peptide band ofmol wt of 95 kD, and the amount of 32p incorporated into this band increased proportionately with the insulin concentration in the incubation mixture. Quantification ofthe 32p incorporation into the 95-kD band, presented in 
Discussion
The goal of these experiments was to test the hypothesis that adipose tissue would demonstrate differences in insulin action as a function ofanatomical site. We also wished to evaluate this issue under conditions which would permit us to see if any variations in insulin action that were observed could be attributed to intrinsic characteristics of the newly differentiated adipocytes as a function oftheir anatomical site oforigin. For this purpose, SV cells were isolated from adipose tissue obtained from three different anatomical locations: EPI, RP, and SC, and allowed to differentiate into mature adipocytes in primary tissue culture. Under these conditions it was possible to demonstrate the existence ofsignificant differences in insulin action as a function ofthe anatomic site oforigin ofthe stromal vascular fraction. Indeed, the only facet of insulin action that did not 1.2±0.5
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Insulin-stimulated autophosphorylation of #-subunit receptor. Maximal insulin-stimulated autophosphorylation is expressed as 32P incorporated in the 95-kD band analyzed by densitometry (arbitrary units).
Maximal insulin-stimulated tyrosine kinase activity is also normalized to insulin binding and expressed as 32P incorpo- the best of our knowledge, this is the first demonstration that differences in insulin receptor phosphorylating activity can be observed between fat cells isolated from different anatomical locations.
The Fig. 8 clearly show that anatomical site of adipocyte precursor cells modulates the ability of these cells to respond to insulin, and the observed changes in insulin action are consistent with the differences noted in insulin receptor phosphorylating activity.
We would like to suggest that the results presented demonstrate that there are differences in the response ofadipose tissue to insulin as a function ofanatomical site, and that the changes noted are intrinsic to adipocytes isolated from these regions. To draw both of these conclusions we carried out these experiments in cells that were initially isolated from the SV fraction ("preadipocytes") from three different fat depots, and permitted these cells to differentiate into adipocytes in primary culture. In this manner we have attempted to control for the differences in adipocyte cell size and number that occur when adipocytes are isolated from the same three regions (28) , as well as avoiding any confounding variables that might result from differences in blood flow, local hormonal effects, etc., that might play a role in in vivo modulation ofadipose tissue metabolism. Obviously, the validity of our conclusion will depend to a large extent upon the appropriateness of our tissue culture system. In this context, although it has been shown that the majority of the SV fraction isolated from adipose tissue will differentiate into "adipocyte-like" cells (29, 30 ), they will not acquire all of the characteristics of mature adipocytes (31) . More importantly, the results of several previously published studies (32, 33) had clearly shown that significant differences in degree of adipocyte differentiation were observed when SV cells from the RP and EPI regions were grown in culture. If it was not possible to establish culture conditions under which adipocyte precursor could develop all of the characteristics of mature fat cells, we had to at least establish culture conditions permitting SV cells derived from the EPI, RP, and SC regions to differentiate to the same extent. Indeed, if this could not be accomplished, interpretation of our results would be significantly confounded. For several reasons we believe that we have satisfied this criterion. In the first place, cell size and number were similar in the culture-derived adipocytes, irrespective of source ofthe initial SV cells. Protein content ofthe three populations of cells was also similar. Finally, the activities of lipoprotein lipase and glycerophosphate dehydrogenase considered to be good markers for adipocyte differentiation (34), did not vary as a function of where the newly differentiated adipocytes came from. Thus, there is evidence that the tissue culture conditions employed in these experiments resulted in an equal degree of differentiation toward mature fat cells of SV cells isolated from three anatomically different fat depots. As such, they lend support to the view that the changes in insulin action described are intrinsic characteristic of adipose tissue from the three regions studied. However, the possibility remains that the changes noted are due to culture-specific differences in cell differentiation and development, and may not reflect processes which are important in vivo. On the other hand, cells from the dorsal subcutaneous region in older Sprague-Dawley rats have been shown to be significantly smaller than cells from either epididymal or retroperitoneal cells. It is apparent that this observation could account for the differences in the insulin receptor function described in our studies.
In conclusion, we believe that the data presented provide the first evidence that insulin receptor autophosphorylation and tyrosine kinase activity of the insulin receptor in adipose tissue varies as a function ofits anatomical site. In addition, we have shown that these changes at the level ofthe insulin receptor are consistent with differences noted in the ability ofinsulin to modulate lipogenesis and glucose transport. By carrying out these experiments on newly differentiated adipocyte grown in primary culture, it can be speculated that all of the observed changes are intrinsic to fat tissue from these three sites. It is always dangerous to extrapolate data from one species to another, but the results presented raise the possibility that the regional differences in adipocyte metabolism described in human beings (35) may also reflect the unique behavior of these cells. Given the apparent importance ofdifferences in regional fat distribution in human disease (3, 4, 36) , the implication of these findings is self-evident. 
